Two lines of transgenic mice expressing mouse/elk and mouse/ horse prion protein (PrP) hybrids, which both form a well-structured β2-α2 loop in the NMR structures at 20°C termed rigid-loop cellular prion proteins (RL-PrP C ), presented with accumulation of the aggregated scrapie form of PrP in brain tissue, and the mouse/ elk hybrid has also been shown to develop a spontaneous transmissible spongiform encephalopathy. Independently, there is in vitro evidence for correlations between the amino acid sequence in the β2-α2 loop and the propensity for conformational transitions to disease-related forms of PrP. To further contribute to the structural basis for these observations, this paper presents a detailed characterization of RL-PrP C conformations in solution. A dynamic local conformational polymorphism involving the β2-α2 loop was found to be evolutionarily preserved among all mammalian species, including those species for which the WT PrP forms an RL-PrP C . The interconversion between two ensembles of PrP C conformers that contain, respectively, a 3 10 -helix turn or a type I β-turn structure of the β2-α2 loop, exposes two different surface epitopes, which are analyzed for their possible roles in the still evasive function of PrP C in healthy organisms and/or at the onset of a transmissible spongiform encephalopathy.
prion protein stability | protein dynamics | conformational equilibrium | NMR line shape analysis T ransmissible spongiform encephalopathies (TSEs) include Creutzfeldt-Jakob disease in humans, scrapie in sheep and goats, bovine spongiform encephalopathy in cattle, and chronic wasting disease (CWD) in elk and deer (1) (2) (3) . A common feature of these diseases is the conversion of the cellular form of the prion protein (PrP C ) found in healthy organisms into aggregated isoforms (PrP Sc ), which are deposited primarily in the brain of the diseased individuals (1, 4) . Despite extensive investigations, the physiological function of PrP C in healthy organisms as well as the mechanistic aspects of its pathophysiological role remain elusive (4) (5) (6) (7) (8) (9) . Although the PrP Sc form found in diseased tissue has been intensively studied, other approaches underline the importance of PrP C as a potential target for TSE prevention and medical intervention after outbreak of the disease (10) (11) (12) , with a special focus on rigid-loop cellular prion proteins (RL-PrP C s) (11, (13) (14) (15) , which are investigated in this paper.
A common PrP C fold for a globular domain formed by the polypeptide segment of residues 125-228 in mouse PrP (mPrP) [see Schätzl et al. (16) for the numeration in different species], with three α-helices and a short two-stranded antiparallel β-sheet, has been observed for the cellular prion proteins of all mammalian species studied so far (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) . For WT PrP of most species, parts of the backbone amide group NMR signals of residues in a loop between a β-strand, β2, and a helix, α2, are not observable in NMR spectra recorded with aqueous solutions at pH 4.5 and 20°C at a 1 H resonance frequency of 500 MHz (or higher) because of line broadening by conformational exchange; therefore, the β2-α2 loop in these PrP C s is poorly defined in NMR structures determined under these conditions. This result is also obtained for mPrP C , where the observed line broadening can be rationalized by conformational exchange between two precisely defined, locally different structures (28) . There are, by now, numerous model simulations focused on the β2-α2 loop in PrP C (29) (30) (31) (32) (33) , and continuation of work along these lines will greatly benefit from a more comprehensive platform of experimental data.
The aforementioned solution parameters of pH 4.5 and T = 20°C had initially been selected for providing long-time stability of the recombinant PrP C s, and they were used in our laboratory as standard conditions for 750 MHz NMR screens for the presence of the PrP C fold in prion proteins from a wide variety of species. This screen revealed a feature in the elk prion protein, where all backbone amide group NMR signals of the β2−α2 loop are observable at 20°C and a 1 H resonance frequency of 750 MHz; the β2−α2 loop is, therefore, well-defined in the NMR structure (23) . This observation attracted special interest in the context of the CWD crisis of deer and elk in North America (34-37) and was followed up by structural studies of WT and specifically designed variant prion proteins (24-26, 28, 38) , in vivo experiments with transgenic mice (11, 13, 14, 39, 40) , and in vitro studies of correlations between the β2-α2 loop amino acid sequence and the propensity of PrP C to undergo transitions to PrP Sc -related conformations (41) (42) (43) . In connection with animal experiments relating to CWD, the term RL-PrP C was introduced for PrP C s forming a structurally well-defined β2−α2 loop in the solution NMR structure at 20°C (39) . The WT prion proteins of bank vole, wallaby, and horse were then found to also form an RL-PrP C structure (24) (25) (26) . Transgenic mice expressing a mouse/ elk hybrid RL-PrP C differing from mPrP by the amino acid replacements S170N and N174T developed a spontaneous TSE (11, 13) , and a mouse/horse hybrid RL-PrP C with the singleresidue exchange D167S was shown to present with spontaneous spongiform degeneration (14) . This paper investigates the β2−α2 loop in the presently known RL-PrP C s using NMR studies of structure, intramolecular conformational equilibria, and intramolecular rate processes. The resulting data are surveyed for all presently investigated RL-PrP C s from which the designed variant of mPrP mPrP [Y225A,Y226A](121-231) (25) , representing an RL-PrP C with the same β2−α2 loop sequence as WT mPrP C , was selected to illustrate details of this database, which then provides a platform for an evaluation of the biological implications of the β2-α2 loop polymorphism. (Fig. 1A) , and the cross-sections through the NMR signals of these three residues (Fig. 1B) document that the peak intensity is very low, even at 20°C. These three signals also show further line broadening at higher 1 H resonance frequencies (Fig. 1C) (Fig. 1) was observed for WT wallaby, horse, bank vole, and elk PrP and the RL variants of mPrP(121-231) with the amino acid substitutions V166A, D167S (as in horse), D167S/N173K (as in horse PrP), S170N (as in elk and bank vole PrP), S170N/N174T (as in elk PrP), F175A, and Y225A (Fig. 2) . For all RL-PrP C s, the resonances of residues 170, 171, and 175 were not detectable below 15°C, and the residues 167-169 showed pronounced line broadening when lowering the temperature from 15°C to 5°C. In Fig. 2 , mPrP(121-231) and its variants with the amino acid substitutions Y169F and Y226A represent the large group of mammalian PrPs with disordered β2−α2 loop at 20°C (17) (18) (19) (20) (21) (22) 27) . We, thus, have two groups of PrP C s, within which all proteins show essentially identical temperature variation of the NMR spectra. Notwithstanding the different transition temperatures, the proteins with WT mPrP behavior and the RL-PrP C s share closely similar behavior. In the following section, the common origin of the temperature-dependent line broadening in both classes of PrPs is documented by NMR studies of conformational exchange in the family of RL-PrPs and an NMR structure determination of a variant prion protein representing the lowly populated molecular species involved in this exchange. MHz spectra recorded with 5°intervals over the range of 5°C to 45°C. Shown are data for A133, which represents the behavior of those residues that are not affected by the β2−α2 loop conformational exchange, and residues 170, 171, and 175. For S170 and F175, the vertical scale was increased twofold relative to A133. (C) 1 H resonance frequency dependence of 1D cross-sections along ω 2 ( 1 H) recorded at 20°C. For the residues 170, 171, and 175, the vertical scale was increased fourfold relative to A133. 1 H]-HSQC spectra over the temperature range 5°C to 45°C is indicated using the following color code for discrete temperature ranges: yellow, none of the loop residues 167-171 observed; cyan, residues 167-169 observed; red, all loop residues observed; white, no evidence for line broadening of the NMR signals of the β2-α2 loop by conformational exchange. Lines 2-9 represent RL-PrP C s with all β2-α2 loop signals visible at a temperature of 20°C or higher.
NMR Structure of mPrP[Y169A,Y225A,Y226A](121-231) at 20°C. Unlike the RL-PrPs, which show extensive exchange line broadening at temperatures below 20°C (Fig. 2) , variants derived from RL-PrPs where Tyr at position 169 has been substituted with Ala or Gly show no evidence of conformational exchange in the β2−α2 loop (Fig. 2) . Here, mPrP[Y169A,Y225A,Y226A](121−231) was selected for a structure determination, because we hypothesized, based on previous observations with mPrP (28) , that it might mimic the behavior of the minor species in the β2-α2 loop polymorphism of mPrP[Y225A,Y226A](121-231), which is an RL-PrP (25) .
At the outset of the structure determination, tentative NMR assignments for most of the residues outside of the β2−α2 loop were obtained by reference to the assignments of mPrP[Y225A, Y226A](121−231) and mPrP[Y169A](121−231) (25, 28) . These assignments were confirmed and extended to the β2−α2 loop using a 3D HNCA spectrum and the three 3D heteronuclearresolved [ 1 H, 1 H]-NOESY spectra that were recorded to collect conformational constraints for the structure determination. Based on the resulting nearly complete resonance assignments, the NMR structure was determined using the ATNOS/CANDID/ DYANA protocol (45) (46) (47) . A survey of the input used and the statistics of the structure calculations are given in Table 1 , and the structure is shown in Fig. 3 . (Fig. 3 A-C) . The β2-α2 loop forms a type I β-turn, which is directly manifested by the 13 C α chemical shifts (Fig. 3D ) and thus, is different from mPrP[Y225A,Y226A](121-231), where the loop forms a 3 10 -helical turn involving the residues 166-168 (25) .
Common Features of the β2-α2 Loop in All Cellular Prion Proteins. A detailed analysis of correlations between exchange line broadening and chemical shift variation, based on the sequence-specific NMR assignments (28) , showed that the line width dependence on the temperature and the magnetic field of the β2-α2 loop NMR signals in the presently investigated RL-PrP C can be rationalized by exchange between a major structure containing a 3 10 -helical turn, represented by mPrP[Y225A,Y226A](121-231) (25) , and a less populated structure containing a type I β-turn, represented by mPrP[Y169A,Y225A,Y226A](121-231) (Fig. 4) . The slow rate and the concomitant high-energy barrier for the interconversion show that this conformational exchange must involve a major structural rearrangement, including also the polypeptide backbone (48) . This indication from the rate of the conformational interconversion is confirmed by the determination of the two limiting loop structures.
Despite the different temperatures at which the transition from an incomplete to a complete set of β2−α2 loop signals is observed (Fig. 2) , comparison of RL-PrP C s with prion proteins showing WT mPrP behavior leads to a unified description of the cellular prion protein structures of all mammalian species studied up to now, with the following common features. (i) In all PrP C s, the NMR signals of the same residues are affected to the same extent by variation of the temperature and the NMR frequency, indicating that the two limiting structures linked by the exchange are closely similar or identical in all of the different proteins of both classes. (ii) The observed polymorphism is strictly localized to the β2-α2 loop surface area of the protein.
(iii) The broadening of the β2−α2 loop NMR signals at low temperatures is caused by conformational exchange between two PrP structures with different loop conformations. (iv) The more highly populated structure forms a 3 10 -helical turn in the β2-α2 loop, and the minor species forms a type I β-turn. In conclusion, the conservation of Y169 in all mammalian prion proteins (16, 28) preserves a conformational equilibrium between two PrP C structures containing a 3 10 -helical turn or type I β-turn conformation of the β2-α2 loop. The importance of the tyrosyl hydroxyl group in this sequence position is emphasized by the observation that this structural polymorphism is preserved after replacement of Y169 with phenylalanine (28), whereas F169 is not found in mammalian PrPs. PrP C s with a structurally well-defined β2-α2 loop in solution structures at 20°C are often referred to as RL-PrP C s. The data presented in this paper now show that the high structural definition of the loop in RL-PrP C s results from somewhat faster conformational exchange between two limiting structures than in PrP C s with disordered loops under the same solution conditions. In all PrP C s, the β2−α2 loop is rigid on the nanonsecond timescale, which was documented by 15 (25) and mPrP(121-231) (Fig. S1 ).
Biological Implications of the β2−α2 Loop Structural Polymorphism in Cellular Prion Proteins. The β2-α2 loop is part of a surface epitope that has attracted keen interest with regard to its potential role in the onset of TSEs. (i) Specific amino acid types in positions 167 and 170 have been related to high susceptibility for interspecies transmission to bank voles (49, 50) and spontaneous TSE in transgenic mice expressing designed variants of mPrP (11, 13, 14) .
(ii) The residue position 168 is polymorphic in sheep PrP, and the residue type in this position affects susceptibility of sheep to scrapie (51) (52) (53) (54) . (iii) For TSE-sensitive mutants of PrP C , molecular dynamics simulations indicate a trend for solvent exposure of Y169 (29) (30) (31) (32) (33) , leading to increased hydrophobicity of the loop surface, which has been related to increased cytotoxicity of prion proteins (55, 56) . The conformations with exposed Y169 that are observed in the molecular dynamics simulations are similar to the type I β-turn loop conformation (Fig. 5) . (iv) There is also the controversial Protein X hypothesis, which suggests that a surface epitope consisting of residues 168, 172, 215, and 219 is the recognition site for a not further characterized Protein X that would modulate the transition of PrP form of the prion protein (57, 58) . In addition, the strict conservation of both Y169 and the dynamic conformational polymorphism of the β2-α2 loop in mammals indicate that these structural features must be linked to the so far elusive physiological role of PrP C in healthy organisms. In view of the implicated key roles of PrP C in health and disease, a detailed characterization is needed for both β2-α2 loop conformers. Although the major species with the 3 10 -helical loop structure is well-known (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) , the corresponding minor species with the WT sequence are not accessible for detailed studies, but essential information can be inferred from the variant proteins with Y169 replaced by alanine or glycine.
In both mPrP and mPrP[Y225A,Y226A], replacement of Y169 by alanine or glycine results in a reduction of the transition temperature for thermal unfolding by 10°C (Fig. S2 A-D) . Reduced stability may contribute to increased propensity for transition to PrP Sc -related structures of conformers with the β2-α2 loop in a type I β-turn conformation (41) .
The two different backbone conformations of the β2-α2 loop generate surface epitopes with different solvent exposure of individual amino acid side chains. In Fig. 5 , we present the two loop conformations in three representative PrPs. Quite generally, these examples illustrate that the high frequency of amino acid substitutions in the loop (16, 59) ensures that there are discrete species differences of the surface epitope in both conformations. This observation may provide a rationale, for example, for a species barrier in TSE-related processes as well as selectivity of possible intermolecular signaling processes involving PrP C in healthy organisms (9) . More detailed information resulting from inspection of Fig. 5 includes that the lesser-populated conformation exposes a larger part of the hydrophobic surface of the Y169 side chain to the solvent, which is a feature that has been correlated with increased neurotoxicity (55, 56) . In the sheep PrP C , it is interesting that R168 interacts closely with R164 in the 3 10 -helical loop conformation, whereas it is fully solvent exposed in the β-turn conformation. The apparent steric crowding of the two positively charged side chains might promote increased population of the type I β-turn loop conformation in the sheep protein containing Arg at position 168, consistent with molecular dynamics simulations that show that the loop containing R168 takes on more extended conformations (33) .
The PrP C structures provide a basis for rational design of transgenic mice for in vivo studies of the effects of specific molecular properties of the cellular prion protein. (i) Replacement of Y169 in mPrP with phenylalanine preserves the β2-α2 loop polymorphism (28) , and there is only a small reduction of the thermal stability by 2.6°C (Fig. S2E ). This designed variant enables studies of the impact of the hydroxyl group of Y169. (ii) Replacement of F175 in mPrP with alanine preserves the loop polymorphism, albeit with RL-PrP C behavior, and the thermal stability is reduced by 10°C (38) . Because this protein contains the WT mPrP sequence of the β2-α2 loop, it enables studies of the effect of eliminating the hydrophobic stacking interactions between Y169 and F175 in mPrP, which may allow Y169 to more readily take on solvent-exposed conformations in the mPrP [F175A] variant. (iii) Replacement of Y169 in mPrP with alanine results in high population of the type I β-turn loop conformation; there is no evidence of a dynamic polymorphism (28) , and the thermal stability is lowered by about 10°C (Fig. S2 A-D) . This variant protein will provide information on the combined effects of the absence of the 3 10 -helix conformation of the β2-α2 loop and the reduced thermal stability. Overall, the systematic studies of a wide variety of PrP C structures (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) that are further expanded in this paper provide a wealth of insights into the structural consequences of amino acid sequence variations, which can be further correlated with in vivo and in vitro experiments probing their effects on the physiological role of PrP in health and disease.
Materials and Methods
Protein Expression and Purification. Using previously described clones (60), the uniformly 15 N-or 13 C, 15 N-labeled proteins analyzed in this study were prepared as described (19, 61, 62 mPrP(121-231) at 37°C were recorded at 500 MHz, with recovery and proton saturation periods of 2.0 and 3.0 s, respectively, and the reference experiment was measured with a 5.0-s recovery period (64, 65) .
NMR Structure Calculation. The standard protocol of the stand-alone ATNOS/ CANDID program package (46, 47) , version 1.2, was used for automatic peak picking, automatic NOE assignment, and preparation of the input for structure calculations with DYANA (45) . The final cycle of the calculation was started with 80 randomized conformers. The 20 conformers with the lowest residual target function values were energy-minimized in a water shell with the program OPALp (66, 67) using the AMBER force field (68). The program MOLMOL (69) was used to analyze the results of the protein structure calculations, including regular secondary structure identification with the method of Kabsch and Sander (70) , and prepare the drawings of the structures.
